Enzyme-based treatments could therefore be used to complement regular cleaning 15 processes. Most studies using enzymes as anti-biofilms strategy are focused on their 16 outcome in mono-species biofilms. Nevertheless, in real environments mixed biofilms 17 are prevalent. In this work, seven types of dual-species biofilms were selected to serve 18 as targets for enzymatic treatments carrying different environmental strains of L. 19 monocytogenes and accompanying bacteria isolated from dairy, meat and seafood 20 processing plants. The effectiveness of nine commercial enzymatic preparations, 21 including pronase, cellulase, pectinase, DNase I, lysozyme, phospholipase, peroxidase, 22 β-glucanase and chitinase, was evaluated. For this, residual attached viable cells of both 23 L. monocytogenes and its partners were enumerated through swabbing and colony plate 24 counting following the action of each enzyme. Moreover, Confocal Laser Scanning 25 Microscopy (CLSM) images were analyzed pre and after enzymatic treatments in order 26 to quantify changes in biofilm thickness, covered area and volume. The viable attached 27 population of L. monocytogenes was almost unaffected by all of the enzymes here 28 tested, being eliminated on average just the 90% of the initially attached population 29 (around 1 Log 10 cfu·cm -2 reduction). Nevertheless, some of the partner species enzymatic detachment when in dual-species biofilms, depending on the enzyme tested 32 and the accompanying L. monocytogenes strain. CLSM images showed important 33 changes in biofilm covered area and volume after DNase I, pronase and pectinase 34 treatments. These results demonstrate that enzymes can greatly weaken dual-species 35 biofilms structure. Nevertheless, it cannot be disregarded that detached cells from these 36 treatments would still be viable. Thus, a control of cell viability after an enzymatic 37 procedure in the food industry must be always considered before designing an efficient 38 disinfection treatment. 39 40 DNase, CLSM, food industry. 42 43 2003; Flemming et al., 2016; Srey, Jahid, & Ha, 2013). Likewise, when present in those 60 habitats, L. monocytogenes shares surfaces and shelters with other compatible bacteria, 61 forming multi-species biofilms. 62 Despite the risk associated to the presence of L. monocytogenes-carrying biofilms in 63 food industry, there is not specific protocol to eradicate them apart from the standard 64 C&D routines, nor a definite prevention strategy. New alternatives in both processing 65 different enzymatic solutions to remove 7 dual-species biofilm models. These models 87 were individual combinations of 5 environmental L. monocytogenes strains and 88 accompanying bacteria isolated from the same L. monocytogenes positive surfaces. 89 Namely, Pseudomonas spp., Staphylococcus saprophyticus and Carnobacterium spp. 90 strains were selected as representatives of the Spanish meat sector, S. saprophyticus and 91 Escherichia coli of seafood plants and a previously studied strain of P. fluorescens was 92 selected as representative of the dairy sector. To evaluate enzymatic effectiveness, the 93 remaining viable biofilm population after the treatments was measured. Biofilm 94 structural changes (reduction of biovolume, covered area and biofilm thickness) were 95 studied with Confocal Laser Scanning Microscopy (CLSM). 96 97 2. Material and Methods 98 99 steel coupons as substrata. Before use, the coupons were gently swabbed with a 126 postsurgical toothbrush and soap solution (Vaxel, SORO laboratories, Spain), rinsed 127 with distilled water, placed on a glass Petri dish (10 coupons per dish) (∅: 100 mm, 20 128 mm in height) and autoclaved (121 ºC/ 20 min.). Sterile coupons were then individually 129 placed into each well and 1 mL of the corresponding bacterial suspension was added. In 130 order to prevent evaporation, the whole system was wrapped in aluminum foil and 131 incubated for 48 h under constant shaking at 125 rpm. A tray filled with water was 132 located under the microplate. In this system, only the top face of the coupon was 133 329 Knøchel, & Molin (2010) suggested that DNA might interact with N-330 acetylglucosamine forming a PNAG-like polymer that support adhesion and biofilm 331
Bacterial strains 100
All the strains used in this work are listed in Table 1 . All of them were isolated from L. 101 monocytogenes positive surfaces in food environments after C&D procedures 102 (Rodríguez-López, Saá-Ibusquiza, Mosquera-Fernández, & López-Cabo, 2015). 103
To select the seven consortia, the most representative dual-species associations for each 104 sector (i.e. the most frequently found L. monocytogenes strain and its most frequently 105 associated partner isolated from the same L. monocytogenes positive sample) were 106 chosen as models of dual-species biofilms. In the case of dairy consortia, as Rodríguez-107
López and coworkers did not find any L. monocytogenes positive surface in the sampled 108 Spanish dairy industries, L. monocytogenes strains G1 and G2 were kindly provided by 109
Dr. Luisa Brito (Technical University of Lisbon, Portugal) (Leite et al., 2006) . 110
Pseudomonas fluorescens B52 was isolated from refrigerated raw milk (Richardson &  111 Te Whaiti, 1978) . Working cultures of the strains were stored in Trypticase Soy Broth 112 (TSB, Oxoid) with 15 % glycerol at -20 °C. 100 µl of working cultures were incubated 113 overnight in 10 ml of TSB at 25 ºC and subcultured again in order to ensure a proper 114 growth. From these, cells were harvested by centrifugation at 4000 × g for 10 min and 115 washed twice in sterile TSB. OD 600 values of each culture were adjusted to 0.1 by 116 dilution with TSB, equivalent to a bacterial concentration of 10 8 CFU·mL -1 . These were 117 diluted in TSB to be used as inoculum, starting the cultures with a cell density of 10 3 118 CFU·mL −1 , both in mono-species and in dual-species cultures (in this case in a 119 proportion 1:1). 120 121
Experimental system for biofilm development 122 123
Biofilms were developed at 25 ºC for 48 h in disposable 24-well cell culture plates 124 (Thermo Fisher Scientific, Code number 144530) using 10 x 10 mm AISI 304 stainless 125 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 considered for biofilm quantification, marking initially the reverse face, to keep its 134 position downwards along the assay. 135
Enzyme solutions 136 137
The 9 enzymes tested are listed in Table 2 . 1 mL aliquots of enzymatic stock solutions 138
(1 mg/mL) prepared according to the manufacturer instructions were stored at -20 ºC. 139
For assays, a working concentration of 0.1 mg/mL was prepared just before use. The 140 working concentration was selected after having done previous assays using 1 mg/ml 141 and 0.01 mg/ml without benefit observed for the higher concentration. 142 143
Enzymatic treatments 144 145
To evaluate the effect of each enzymatic treatment on biofilms, coupons from 48h 146 cultures were withdrawn with tweezers and submerged into sterile saline solution (0.9% 147 NaCl) to discard weakly adhered cells. Then, they were suspended vertically to drain off 148 residual liquid and immersed into 24-well microplates previously filled with the 149 corresponding enzymatic solution (1 mL per well). Treatments were applied for 1 hour 150 at room temperature. Control samples were submerged 1 h into the same enzymatic 151 solutions previously autoclaved (121ºC/ 15 min) for enzyme inactivation. After 152 treatment, samples were rinsed and drained off as previously described. Enzyme biofilms grown on stainless steel coupons were rinsed as previously described in section 178 2.4. and stained with LIVE/DEAD ® biofilm viability kit (L10316, Life Technologies), 179
including Syto 9, which labels all bacteria with intact membranes and propidium iodide, 180 which only penetrates cells with damaged membranes. Thus, for image analysis, green 181 corresponds to living cells and red to dead or damaged cells. For calculation, the total 182 area of the coupon was scanned with a 10X objective in order to select two or three 183 representative areas. Then, CLSM images of 0.2 x 0.2 mm were examined with a 60x 184 oil immersion objective. Three-dimensional projections (Maximum Intensity Projection, 185 MIP) were reconstructed from z-stacks using IMARIS ® 7.6 software (Bitplane AG, 186
Zúrich, Switzerland). To calculate biovolume using the MeasurementPro module of the 187 above mentioned software, the whole image was segmented into channels that were 188 analyzed to obtain the total volume occupied by cells (that is, green cells plus red cells). 189
To calculate biovolume reduction, that of control coupons was taken as the 100% 190 reference. To calculate the percentage of covered area using the software ImageJ, the 191 images obtained with IMARIS were first transformed into binary system (i.e., black and 192 white) quantifying the black surface (i.e., cells). Both, the total area and that occupied 193 by dead or damaged cells were computed. The reduction of the covered area was 194 obtained as a percentage, considering that of control coupons being 100%. 
Enzymatic L. monocytogenes detachment effectiveness on mono vs. dual biofilms 219
220 Table 3 shows values of enzymatic treatment effectiveness expressed as log reductions 221 of L. monocytogenes viable attached cells, both in mono and in dual-species biofilms. 222
On the overall, the association of L. monocytogenes with other microorganisms did not 223 modify its susceptibility to the different enzymes used. Moreover, the effect of the 224 enzymes over L. monocytogenes attached population was moderate, independently of 225 the type of biofilm. After the enzymatic treatments, its population was reduced on 226 average about 1 log (approximately 90% of the viable population). 227 228
Effect of the presence of l. monocytogenes on its partners detachment 229
230 Table 4 shows P. fluorescens B52, S. saprophyticus C2 and E. coli C4 log reductions in 231 mono and dual-species biofilms with different strains of L. monocytogenes. Again, the 232 enzymatic efficiency was moderate in all the biofilms tested. Nevertheless, the 233 association effect was, in some cases, beneficial for these species. The association of P.
reduce P. fluorescens B52 susceptibility to cellulase and chitinase treatments. Apart 236 from that, the presence of L. monocytogenes G1 and G2 was neutral or slightly 237 detrimental for P. fluorescens detachment. Enzymatic detachment of S. saprophyticus 238 from biofilms was, in some cases, significantly reduced when associated with L. 239 monocytogenes strains E1 and A1 (Meat II and Seafood I, respectively). Interestingly, 240 the same pattern was observed when E. coli was associated with L. monocytogenes A1 241 in the Seafood II consortium, especially when these biofilms were treated with pronase 242 and glucanase. No statistically significant differences were found between cell 243 detachment in mono and dual-species biofilms in the cases of Pseudomonas spp. and 244 Carnobacterium spp. (Table 4) . 245 246
Structural changes caused by enzymatic treatment 247 248
For CLSM studies three out of seven consortia were selected, one from each sector. To 249 choose these, those partners whose susceptibility to enzymes was modified due to the 250 association effect with L. monocytogenes, i. e. P. fluorescens B52, S. saprophyticus and 251 E. coli were selected. Figure 2 shows CLSM images of these three consortia (Dairy I, 252
Meat II and Seafood II) before and after enzymatic treatments with DNase I, pronase 253 and pectinase. Consortium Dairy I, much thicker than the others (12 vs. 6 and 6 µm) 254 (Table 5 ) was nevertheless the most vulnerable. Indeed, DNase I reduced its biovolume 255 and covered area by 99% and 90%, respectively. The remaining leftovers after this 256 treatment were small scattered colonies and disaggregated cells, most of them either 257 damaged or dead (Fig. 2) . 258
On the biofilms of consortium Meat II, both pronase and DNase I had similar effects, 259 leading to a significant reduction in biovolume and occupied area (Table 5 ). These 260 parameters were practically unaffected by pectinase treatment, which nonetheless made 261 most of the remaining cells appeared in red, that is, dead or damaged (Fig. 2) . Besides, 262 the residues were reorganized in aggregated structures, unseen in control images. 263
cells again appeared in red (Fig. 2) . Nevertheless, DNase I treatment had a very limited 269 effect on the structure of this biofilm (Table 5) When exposing both the mono-and dual species biofilms to the different enzymatic 312 preparations, there were no statistically significant differences in L. monocytogenes log 313 reductions, irrespective of the biofilm developed (Table 3) . Nevertheless, the influence 314 of L. monocytogenes on its partners cell dispersal was rather variable. Interestingly, the 315 species that had showed growth antagonism when co-culture with L. monocytogenes, E. 316 coli and S. saprophyticus (Fig. 1) , happened to be the ones whose cells appeared to be 317 more protected against enzymatic attack in mixed biofilms. Indeed, the association with 318 L. monocytogenes reduced the detachment of E. coli cells with most of the enzymes 319 tested (Table 4 ). In the case of S. saprophyticus, results were dependent on both enzyme 320 tested and L. monocytogenes strain, but with a trend towards higher resistance to 321 enzymatic attack associated to co-culture (Table 4 ). These data suggest that target points 322 for these enzymes on experiments were performed at room temperature. This fact would have probably 339 reduced their action. Another important fact to be considered, is that dispersed cells 340 could be still viable and therefore in order to avoid recontamination of food-contact 341 surfaces, a combination of enzymes with disinfectants such as benzalkonium chloride 342 will be necessary (Rodríguez-López, Puga, Orgaz, & Lopez-Cabo, 2017). 343 344
Effect of enzymes on the structure of dual-species biofilms carrying L. 345 monocytogenes 346
When analyzed in isolation, results in terms of log reductions (Table 3) , did not provide 347 any clues about the most effective enzymes. Moreover, efficiency was rather poor (on 348 average, 1 log reduction, Table 3 ). Nevertheless, when quantification of enzyme 349 effectiveness was performed by CLSM image analysis, changes in biofilm covered area 350 and volume greatly differed according to the enzyme and target biofilm employed 351 (Table 5 ). Structural damages appear to be greater than expected based on the results of 352 log reductions (Fig. 2 ; Table 5 vs. Table 3 ). It is well known that a part of the biofilm 353 population enters a dormant state in which cells lost their culturability (Lewis, 2007) . polysaccharides could be more important in maintaining its structure (pronase and 371 pectinase yielded a 67% and 65% biovolume reduction, respectively) (Table 5) In terms of viable attached cell log reductions, the use of enzymes for the treatment of 417 dual-species biofilms did not achieve good results. However, CLSM images showed 418 significant structural damage after enzymatic treatment of these biofilms with DNase I, 419 pronase and pectinase. Moreover, use of different enzymes yielded very different 420 changes in biofilm structure, depending on the dual-species biofilm treated. Therefore, 421 enzymes could be an interesting tool for weakening the structure of L. monocytogenes Chitinase 1.0 ± 0.2 1.1 ± 0.6 1.5 ± 0.4 0.9 ± 0.5 1.4 ± 0.4 1.6 ± 0.4 0.9 ± 0.4 1.4 ± 0.5 0.8 ± 0.5 1.3 ± 0.3 0.6 ± 0.1 1.0 ± 0.1 Table 3 . Enzymatic efficiency expressed as Log reduction of attached L. monocytogenes cells in the target mono-species (in total, 5) and dual-species biofilms (in total, 7 consortia). Values correspond to the average ± standard deviation (n=3).
In rows, asterisks mean statistically significant differences between each pair mono-species/dual-species biofilms (P<0.05) 
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